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INTRODUCTION 

Research o f  recovery and process ing technology a p p l i c a b l e  t o  Utah t a r  sands i s  
c u r r e n t l y  i n  progress. Development o f  t h i s  hydrocarbon resource  has n o t  y e t  occurred,  
p r i n c i p a l l y  because o f  h i g h  cos ts  associated w i t h  present  recovery methods. 
p rocess ing  o f  bitumens i s  a l s o  expected t o  be r e l a t i v e l y  more expensive than conven- 
t i o n a l  pet ro leum process ing because o f  the heavy na tu re  and h i g h  heteroatom content  o f  
t h e  bitumen. I n  process ing o f  bitumen the p r imary  convers ion appears t o  be t h e  most 
i m p o r t a n t  step because o f  t h e  p o s s i b l e  h igh  c o s t  o f  hydrogen process ing o r  l o s s  i n  
y i e l d s  a t tendan t  w i t h  reduc ing  t h e  h igh  mo lecu la r  weight  bitumen t o  s y n t h e t i c  crude. 
Methods and c o n d i t i o n s  o f  p r imary  process ing have a major  e f f e c t  on t h e  composi t ion o f  
t h e  products  subsequently used as feedstocks f o r  secondary process ing.  
p rocess ing  f o r  p roduc t i on  o f  f u e l s  and o t h e r  hydrocarbon products  w i l l  p robably  u t i l i z e  
a d a p t a t i o n  o f  processes developed f o r  convent ional  petroleum. 

The pr imary process most commonly used f o r  upgrading o f  heavy o i l s ,  pet ro leum 
res iduum o r  bitumen i s  some form o f  cok ing such as delayed o r  f l u i d  cok ing.  For  these 
processes the  range o f  o p e r a t i n g  va r iab les  which can be employed i s  r a t h e r  l i m i t e d  and 
t h e  p roduc t  d i s t r i b u t i o n  and q u a l i t y  (composi t ion)  generated i s  p r i m a r i l y  a f u n c t i o n  o f  
t h e  feedstock composi t ion.  Because t h e  cok ing process i s  r e l a t i v e l y  inexpensive, 
i n d u s t r i a l  processes a r e  o f t e n  con ten t  w i t h  o p t i m i z i n g  cok ing  y i e l d s  and then subse- 
q u e n t l y  o p t i m i z i n g  some secondary process more s p e c i f i c a l l y  aimed a t  a l t e r i n g  t h e  
composi t ion t o  produce a d e s i r e d  product. 
Athabasca depos i t  where 15 t o  20 weight  percent  o f  t h e  feed i s  conver ted t o  a h i g h  
s u l f u r  coke and t h e  l i q u i d  products  a r e  subjected t o  an expensive h y d r o t r e a t i n g  t o  
o b t a i n  a s y n t h e t i c  crude o i l  amenable t o  convent ional  r e f i n i n g .  

U i n t a  Bas in  (Utah) bitumens possess a s i g n i f i c a n t l y  d i f f e r e n t  hydrocarbon and non- 
hydrocarbon s t r u c t u r e  than Athabasca bitumen. The h i g h e r  molecular  weight ,  h ighe r  
v i s c o s i t y ,  and lower  v o l a t i l i t y  p o i n t s  toward a heav ie r  m a t e r i a l  f o r  t h e  U in ta  Basin 
bitumen, b u t  t h e  h ighe r  hydrogen content  and A P I  g r a v i t y ,  and t h e  l ower  asphaltene 
c o n t e n t  and carbon res idue  p o i n t s  toward a l e s s  aromat ic  bitumen. I n t e r p r e t a t i o n  o f  
t h e  s t r u c t u r a l  a n a l y s i s  i n d i c a t e s  t h a t  t he  U i n t a  Basin bitumen i s  comprised o f  
r e l a t i v e l y  h igh mo lecu la r  we igh t  naphthenic hydrocarbons. 
l ower  molecular  weight, b u t  h ighe r  i n  aromatics. 
suggests t h a t  Athabasca bitumen con ta ins  rough ly  t w i c e  t h e  amount o f  aromat ic  carbon 
t h a t  U i n t a  Basin bitumen con ta ins .  

The d i f f e r e n c e s  apparent  i n  t h e  two groups o f  bitumens suggested t h a t  d i r e c t  
adap ta t i on  o f  process c o n d i t i o n s  used w i t h  Athabasca bitumen may n o t  be the  most d e s i r -  
a b l e  r o u t e  f o r  development o f  processes for- Utah bitumens. Therefore,  severa l  a1 te rna -  
ti= f o r  t h e  pr imary convers ion  o f  bitumen have been examined, i n  a d d i t i o n  t o  c o k i n  
Examination o f  a1 t e r n a t e  p rocess ing  steps served two u s e f u l  purposes. F i r s t ,  r e s u l k  
o f  such a study helped i d e n t i f y  processes p a r t i c u l a r l y  amenable t o  t h i s  unusual feed-  
s tock.  
p roduc ts  more w i l l  be l e a r n e d  about  conversion mechanisms and pathways i n f l u e n c i n g  
r e s i d u a l  ma te r i  a1 process ing.  

v i r g i n  Asphalt Ridge b i tumen a r e  compared. 
on y i e l d s  and p roduc t  composi t ion.  

The 

Secondary 

Such an approach i s  p r e s e n t l y  used w i t h  t h e  

Recent work on t h e  s t r u c t u r e  o f  Utah and Athabasca bitumens (1,2) has shown t h a t  

The Athabasca bitumen i s  o f  
A comparison o f  compound t ype  ana lys i s  

Second, by pay ing p a r t i c u l a r  a t t e n t i o n  t o  t h e  s t r u c t u r e  o f  t h e  feedstock and 

I n  t h i s  paper r e s u l t s  from coking, c a t a l y t i c  c rack ing ,  and hyd ropy ro l ys i s  of 
Th i s  s tudy i n c l u d e s  t h e  e f f e c t  o f  v a r i a b l e s  

Product d i s t r i b u t i o n  and composi t ion a r e  compared 
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as a func t i on  o f  process v a r i a b l e s  and t h e  convers ion process employed. D e t a i l e d  
s t r u c t u r a l  a n a l y s i s  i s  used i n  the  e v a l u a t i o n  o f  t he  r e s p e c t i v e  processes. I m p l i -  
ca t i ons  o f  t he  product  s t r u c t u r e  t o  thermal and c a t a l y t i c  convers ion pathways a re  
d i  scussed. 

A n a l y t i c a l  Methods 

a n a l y t i c a l  techniques. 
VPO i n  benzene. 
t o  g i v e  values somewhat h i g h e r  than the  t r u e  average molecular  we igh t  because o f  
so lu te -so lu te  mo lecu la r  assoc ia t i ons  ( 3 ) .  
an e l e c t r o n i c  densi tometer  accu ra te  t o  b e t t e r  than t h r e e  s i g n i f i c a n t  f i g u r e s .  

Separat ion o f  products  i n t o  compound t ype  c lasses  was accomplished by t h e  dual 
s i l i c a - a l u m i n a  column chromatographic technique ( 4 )  w i t h o u t  p r i o r  separa t i on  o f  acids, 
bases, and n e u t r a l  n i t r o g e n  compounds. Simulated d i s t i l l a t i o n  was accomplished by 
p r e v i o u s l y  pub l i shed  procedures (1 )  u t i l i z i n g  as an i n t e r n a l  s tandard a s e r i e s  o f  
a1 k y l  benzenes. 

Coking 

a Vycor g lass  l i n e r .  
sand ba tch  heater .  
5, 6). 
C a t a l y t i c  Crac k i  n g  

enc ing c a t a l y t i c  c rack ing .  (See a l s o  re fe rence  8). 
batch downflow r e a c t o r  pa t te rned  a f t e r  t h e  CAT-A ( 7 )  t e s t  i n  which bitumen and 
c a t a l y s t  a re  preheated be fo re  m ix ing .  
r e a c t o r  i n  which feed and c a t a l y s t  were i n t i m a t e l y  mixed p r i o r  t o  hea t ing .  
f i g u r a t i o n  min imized t h e  d i f f u s i o n  l i m i t a t i o n s  b u t  requ i red  v o l a t i l i z a t i o n  o f  products  
i n  a s t a t i c  atmosphere. 

Hydropyrol y s i  s 

The r e a c t o r  t ube  was c o i l e d  3/16 x 236 inch  s t a i n l e s s  s tee l  tube which was h e l d  i so -  
t he rma l l y  w i t h i n  :loC o f  t h e  des i red  temperature. 
s u l f i d e d  t o  min imize c a t l a y t i c  e f f e c t s .  

EXPERIMENTAL 

Physica l  p r o p e r t i e s  and elemental ana lys i s  were obta ined by conven t iona l  
A l l  average mo lecu la r  weights  repo r ted  a r e  those ob ta ined  by 

L i q u i d  and gas d e n s i t i e s  were obta ined by 

Average mo lecu la r  weights  determined i n  t h i s  f a s h i o n  a r e  expected 

Batch cok ing  experiments were conducted i n  a s t a i n l e s s  s t e e l  r e a c t o r  f i t t e d  w i t h  

Charge t o  the  r e a c t o r  was approx imate ly  10 g. 
Pressure, when app l i ed ,  was w i t h  hel ium, w i t h o u t  sweep. 

The r e a c t i o n  was brought  t o  temperature by a preheated f l u i d i z e d  
(See a l s o  references 

Two r e a c t o r  c o n f i g u r a t i o n s  were used i n  o rde r  t o  assess va r ious  f a c t o r s  i n f l u -  
One c o n f i g u r a t i o n  was a semi- 

The o t h e r  c o n f i g u r a t i o n  was a batch t y p e  
Th is  con- 

Reactor des ign f o r  hyd ropy ro l ys i s  has been pub l i shed  by Ramakrishnan et. g.  (9) .  

The i n t e r i o r  s u r f a c e  was p re -  

RESULTS AND DISCUSSION 

Th i  approach taken i n  t h i s  work was t o  s u b j e c t  v i r g i n  bitumen t o  v a r i o u s  pro-  
cess ing s teps and t o  then eva lua te  t h e  r e s u l t s  i n  terms o f  p roduc t  y i e l d  and 
compp’kition. Because t h e  c o s t  o f  recovery i s  expected t o  be h igh,  i t  i s  c r i t i c a l  
t h a t  t he  process ing s teps maximize bo th  y i e l d  and product  q u a l i t y .  
c o s t  o f  hydrogen process ing p laces an a d d i t i o n a l  c o n s t r a i n t  on economics so optimum 
u t i l i z a t i o n  o f  hydrogen i s  a l s o  a prime cons ide ra t i on .  

The major p r imary  processes which have been p r e l i m i n a r i l y  examined a re  coking, 
c a t a l y t i c  crack ing,  hyd ropy ro l ys i s ,  v i sb reak ing  and deasphal t i n g .  C a t a l y t i c  hydro- 
crack ing and h y d r o t r e a t i n g  o f  v i r g i n  bitumen have n o t  been examined i n  enough d e t a i l  
t o  make comment a t  t h i s  p o i n t .  V isbreak ing o r  deasphal t ing may p l a y  a r o l e  as pre-  
t reatment  t o  t h e  pr imary convers ion process. 

p rev ious l y  d iscussed i n  t h e  l i t e r a t u r e  (2,3,5,6). 

The ever  i nc reas ing  

C h a r a c t e r i s t i c s  o f  Asphal t  Ridge bitumen a re  g i ven  i n  Table 1 and have been 
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Coking 

previously reported ( 5 ) .  
followed the  trends exhibited in the  virgin bitumen. Total y i e lds  of l iqu ids  and 
gases were a function of hydrogen content;  conversely the  higher the aromatic conten t ,  
the grea te r  the coke y i e ld .  
molecular weight and decreasing l iqu id  and gas y ie ld  fo r  a given hydrogen content.  

Results of the  coking (des t ruc t ive  d i s t i l l a t i o n )  of various deposits have been 
These r e su l t s  showed t h a t  heteroatom content of the l iqu ids  

A secondary cor re la t ion  was observed between increasing 

Table 1 

C H N S 0 

Elemental Analysis 86.2 11.3 1.1 0.4 0.9 
Average molecular weight (VPO-benzene) 71 3 
Viscosity (Poise @ 77OF, cone-plate, .05 sec-l 69,300 
API gravity 12.5 
Heating value (Btu/lb) 19,305 
Asphal tenes (n-pentane) 11.8 

% d i s t i l l a b l e  below 535OC 40 
Carbon residue (Rammsbottom) 9.1 

The e f f ec t  o f  temperature on process y ie lds  i s  given i n  Figure 1 .  The data re- 
Note t h a t  near asymptotic present ultimate y i e lds  from a se r i e s  o f  isothermal runs. 

values a r e  reached by a temperature of 460oC. 
properties of l iqu ids  obtained a t  selected temperatures a r e  given in Table 2 .  

Elemental ana lys i s  and physical 

T a b l e  2 

Charac te r i s t ics  of Pyrolysis Condensates 
from Isothermal Cracking o f  Asphalt Ridge Bitumen (6)  

Property 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 
C/H Ratio 

Temperature of Pyrolysis 
E -  41 50C * 
86.7 86.7 86.7 
12.1 12.3 12.2 
0.25 0.39 0.48 
0.33 0.29 0.29 
0.50 0.30 0.31 
0.603 0.591 0.599 

Density ( 2 O o C )  g/cc 0.897 0.893 0.892 
API gravi ty  25.9 26.7 26.9 
Refractive index 1.4970 1.5010 1.4998 
Molecular w e i g h t  261 296 321 

The resu l t s  shown in  Table 2 reveal remarkably l i t t l e  difference i n  the average 
properties considering t h a t  t he  to t a l  condensate y ie lds  varied from 11% t o  82% of the 
bi tumen between 380OC and 46OoC. Some difference i s  noted in the average molecular 
weight due t o  higher temperature of d i s t i l l a t i o n  of cracked products. Simulated dis- 
t i l l a t i o n  reveals t ha t  about 12% o f  the virgin bitumen would exhibit  a TBP below 380OC; 
t h u s ,  a s ign i f i can t  percentage of the 380OC products might be expected to  be virgin 
material .  For the 460oC condensate, no more t h a n  27% of the condensate can be a t t r i -  
butable t o  virgin compounds and t o  the extent t h a t  virgin material of t h i s  boil ing range 
undergoes cracking the percentage contribution of virgin d i s t i l l a t e  would be reduced. 

A1 though the properties of the condensates varied l i t t l e  over the temperature range 
examined, visual inspection o f  t he  residue/coke revealed t h a t  d ra s t i c  chemical changes 
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were being affected over the  temperature range studied. 
residue was a viscous, soluble f l u i d ,  while a t  higher temperatures the residual 
material resembled a glassy char o r  coke. 
e f fec t  on the  formation of t h i s  coke, presumably condensed aromatic species,  the solu- 
b i l i t y  of the residue in pyridine was measured. For t h i s  t e s t  to  be meaningful, i t  
was reasoned t h a t  dealkylation, dehydrogenation, o r  cyclization reac t ions  would n o t  
l i ke ly  r e s u l t  i n  the production of pyridine insoluble mater ia l ,  b u t  t h a t  condensation 
o r  polymerization reactions producing higher ring aromatics would. The mechanisms 
leading to  production of higher condensed aromatics a re  not well understood and will 
be referred to in t h i s  discussion simply a s  condensation reactions.  

Results of pyridine so lub i l i t y  of residues a r e  shown by the dotted l i n e  in Figure 
3 and reveal t ha t  a dramatic change i n  pyridine so lub i l i t y  occurs between 4250 and 
4 3 5 O C .  This curve exhibits 
an inf lec t ion  point some 2 2 O C  lower than the  inf lec t ion  point in the  pyridine solu- 
b i l i t y  curve. Scales on the ver t ica l  ax is  have been a r b i t r a r i l y  adjusted t o  allow 
some visual comparison of the various parameters measured. 
vo la t i les  formation and char formation a re  not simultaneous events and t h a t  the major 
reactions leading t o  vola t i les  and char formation occur a t  subs t an t i a l ly  d i f fe ren t  
tern eratures.  

temperature. 

cant index for  measuring aromatics condensation, a second parameter, H / C  r a t i o ,  was 
measured. The r e su l t s  of this examination a r e  a l so  plotted i n  Figure 3 and reveal an 
inflection p o i n t  qu i te  near t o  the inf lec t ion  point fo r  pyridine so lub i l i t y .  This 
data showed tha t  a l i nea r  cor re la t ion  between H/C r a t i o  and depth of cracking d id  n o t  
e x i s t  b u t  t h a t  the reactions giving r i s e  t o  the reduction in H / C  r a t i o  may possibly be 
the  same a s  those resu l t ing  i n  pyridine in so lub i l i t y .  
so lub i l i t y  with H/C r a t i o  reveals a l i nea r  re la t ionship  between 3800 and 4 2 3 O C ,  another 
l i nea r  re la t ionship  of d i f f e ren t  slope,  between 4330 and 460OC,  w i t h  a non-linear 
t rans i t ion  region between 423O and 4 3 3 O C .  
w i t h  the corresponding temperature of cracking. 
occurs over a narrow temperature range of about 1OOC. 

Based on t h i s  information one can speculate about the  general mechanism giving r i s e  
t o  the r e su l t s .  
t i ve ly  weak u bonds. 
propogation reactions w i t h  a l i pha t i c  o r  naphthenic hydrocarbon systems. The decrease 
in pyridine so lub i l i t y  of the residue, which i s  accompanied by a dramatic decrease in 
H/C ratio, may be a t t r i bu tab le  t o  dehydrogenation of naphthenic r ing  systems, dealkyl- 
a t ion  reactions and vola t i l i za t ion  o f  saturated hydrocarbons. Naphthenic ring systems 
may or may n o t  be associated with aromatics but the inductive e f f ec t s  of aromatic 
rings, as  exemplified by the compound t e t r a l i n ,  a r e  known to  promote hydrogen t ransfer .  

not ident i f ied  b u t  they a re  characterized by several fea tures  observed in  the  resu l t s  
presented above. I f  fractional rgduction in H / C  r a t i o  i s  used as  a measure of the  progress 
o f  r e a c t i o n , a n a c t i v a t i o n  energy of about 70 Kcai/mole i s  ca lcu la ted  f o r  the  reaction 
occurring between 4230 and 433OC.  
reac tan t  concentration as  assumptions of higher order produced an unreasonably high 
ac t iva t ion  energy. The calculated ac t iva t ion  energy i s  cons is ten t  with several possible 
polymerization and/or condensation reaction mechanisms. 
aromatic o r  benzyl hydrogens a re  abstracted in a f r e e  radical propagation s tep .  The 
resu l t ing  phenyl or benzyl f r e e  rad ica ls  subsequently a t tack  o ther  aromatic rings t o  
form biphenyl o r  diphenyl methane type linkages. 
undergo fur ther  addition o r  ring c losure  depending on the alkyl subs t i tuents  which 
might be present. 
of Diels-Alder type condensation o f  a-olefir:  aromatics acting as the  diene and aromatics 
a s  the dienophile: 

A t  lower temperatures the 

In an attempt t o  determine the temperature 

Also plotted in Figure 3 i s  the percent y ie ld  of residue. 

The data shows t h a t  

Aromatics condensation apparently does n o t  occur appreciably below 

(See Table 8 f o r  maximum possible contribution of v i rg in  d i s t i l l a t e ) .  
I n  order t o  help confirm t h a t  pyridine so lub i l i t y  of the residue was a s ign i f i -  

422 g C even though over 70% of the bitumen has been produced as  cracked products a t  t h i s  

A cor re la t ion  of pyridine 

This cor re la t ion  i s  shown i n  Figure 4 along 
The e n t i r e  t r ans i t i on  region ac tua l ly  

From 3800 t o  4 2 3 o C  primary cracking i s  l imited to  rupture of re la -  
The f r e e  rad ica ls  t h u s  formed can pa r t i c ipa t e  in  t r ans fe r  or 

Above 4 2 3 O C  additional reactions a re  introduced. These reaction mechanisms a re  

The ca lcu la t ions  assumed zero order  dependence on 

One poss ib i l i ty  i s  t h a t  

The resu l t ing  molecules subsequently 

An a l t e rna t ive  reaction mechanism which might be considered i s  tha t  
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The r e a c t i o n  i nvo l ves  a p a r t i a l l y  hydrogenated in te rmed ia te  which donates hydrogen i n  
t h e  process o f  v o l a t i l e s  fo rma t ion .  

I n  t h e  reg ion  between 4330 and 46OoC t h e  r e d u c t i o n  i n  hydrogen con ten t  i s  a t t r i -  
b u t a b l e  t o  severa l  f a c t o r s .  
condensation o f  aromat ics as discussed. Another f a c t o r  i s  t h e  s i g n i f i c a n t  increase 
i n  p r imary  decomposit ion r e a c t i o n s  such as d e a l k y l a t i o n  o f  aromat ics.  
products  produced between 430° and 460OC show a d e f i n i t e  t r e n d  toward increased 
p a r a f f i n i c  carbon compared t o  lower  temperature products  which were more naphthenic. 
Whereas t r a n s f e r  and f r e e  r a d i c a l  propagat ion r e a c t i o n s  can occur a t  moderate tempera- 
tu res ,  pr imary decomposit ion r e q u i r e s  h ighe r  temperatures. 
mechanism, F igu re  4 shows t h a t  t h e  l o s s  o f  hydrogen a t  h i g h e r  temepratures has a much 
g r e a t e r  i n f l u e n c e  on decreas ing t h e  s o l u b i l i t y  o f  t h e  res idue  than occurred a t  t h e  l o w  
temperature end where cons ide rab le  l o s s  o f  hydrogen con ten t  had l i t t l e  e f f e c t  on 
p y r i d i n e  sol ub i  1 i ty. 

There a re  severa l  impor tan t  i m p l i c a t i o n s  o f  t h e  proposed gross mechanism t o  
thermal process ing o f  bitumen. F i r s t ,  p roduc t i on  o f  r e f r a c t o r y  molecules can be 
i n h i b i t e d  by m a i n t a i n i n g  temperatures below 425OC. 
d i t i o n s  should remain amenable t o  f u r t h e r  process ing.  
aromat ics format ion above 425OC can be accomplished o n l y  by sho r ten ing  the res idence 
t ime  ( reducing the r e l a t i v e  impor tance o f  second o r d e r  r e a c t i o n s )  o r  by d i l u t i o n  of  
t he  aromat ics such as w i t h  hydrogen o r  hydrogen r i c h  molecules. Th is  i n t e r p r e t a t i o n  
appears t o  be c o n s i s t e n t  w i th  t h e  v a s t  body o f  process ing l i t e r a t u r e  which has 
emperical l y  determined t h a t  processes opera t i ng  below 425oC are s i g n i f i c a n t l y  d i f f e r e n t  
from those opera t i ng  above t h i s  temperature where res idence t ime becomes h i g h l y  
impor tan t .  

I n d u s t r i a l  cok ing processes t y p i c a l l y  ope ra te  a t  pressures h ighe r  than atmos- 
p h e r i c .  
was determined, h o l d i n g  t h e  temperature constant  a t  46OoC. 
F i g u r e  2. The r e s u l t s  show t h a t  t he  amount o f  coke formed increases s t e a d i l y  w i t h  
i n c r e a s i n g  pressure.  These r e s u l t s  and those acqu i red  f o r  v i sb reak ing  o f  bitumen a t  
e leva ted  pressures suggest t h a t  pressure e x e r t s  an i n f l u e n c e  on chemical r e a c t i o n s  
over  and above the e f f e c t s  p ressu re  has on v o l a t i l i t y  and d i f f u s i o n  o f  products .  

a n a l y s i s  and phys i ca l  p r o p e r t i e s .  Resul ts  a r e  shown i n  Tab le  3. Elemental ana lys i s  
a r e  n o t  shown because v a r i a t i o n s  f rom t h e  atmospheric pressure r e s u l t s  (Table 2 )  
were minor .  The A P I  g r a v i t y  r e s u l t s  show i n t e r e s t i n g  cu rva tu re  a t  about  80-100 ps ig .  
The y i e l d  data i n  F igu re  2 suggested t h a t  t h e  l i q u i d s  curve may n o t  be a smoothly 
decreas ing f u n c t i o n  o f  pressure,  as drawn. Should these d e v i a t i o n s  i n  A P I  g r a v i t y  
and y i e l d s  as a f u n c t i o n  o f  p ressu re  prove t o  be r e a l ,  i t  may have i n t e r e s t i n g  i m p l i -  
c a t i o n s  regard ing t h e  e f f e c t  o f  pressure on thermal c r a c k i n g  mechanisms. 

Ca t a l  y t i  c Cracking 

c h a r a c t e r  (2) .  The r e s u l t s  a r e  exemp l i f i ed  by t h e  group t y p e  a n a l y s i s  of P. R. Sp r ing  
s a t u r a t e d  hydrocarbons where over  60% o f  t h e  sa tu ra tes  a r e  comprised o f  s u b s t i t u t e d  
decal i n s  and perhydroanthracenes and perhydrophenanthrenes (1 ) .  
s a t u r a t e s  which represented 27% o f  t h e  bitumen conta ined no a l i c y c l i c  r i n g s .  

One f a c t o r  i s  t h e  l o s s  o f  aromat ic  C-H r e s u l t i n g  from 

Ana lys i s  o f  

Whichever t h e  dominant 

The res idue  ob ta ined  a t  these con- 
Second, i n h i b i t i o n  o f  condensed 

Correspondingly, t h e  e f f e c t  o f  pressure (He) on y i e l d s  and y i e l d  s t r u c t u r e  
Resul ts  a r e  g i ven  i n  

The products from t h i s  s e t  o f  experiments were eva lua ted  i n  terms of elemental 

Ana lys i s  o f  U i n t a  Basin bitumen revea led  a m a t e r i a l  t h a t  was h i g h  i n  naphthenic 

Only 7% o f  t he  
The 

I 

I 
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h i g h l y  naphthenic cha rac te r  o f  aromat ic  c o n t a i n i n g  molecules i s  thought  t o  p e r s i s t  i n  
t h e  remain ing 73% o f  t h e  bitumen. 

Table 3 

P roper t i es  o f  Condensates Der ived a t  E levated Pressures 
Pressure ( p s i g )  

P roper t y  0 40 80 120 250 

A P I  g r a v i t y  26.9 33.4 34.1 37.1 39.2 

1.4998 1.4891 1.4914 1.4830 1.4801 D 
n20 

Avg. molecular  weight  321 263 265 

Naphthenic gas o i l s  a r e  h i g h l y  responsive t o  c a t a l y t i c  c r a c k i n g  and g i v e  h igh  
y i e l d s  o f  branched alkanes. 
was attempted. 
p a r t i c u l a t e s  would be expected t o  have an apprec iab le  impact on a commercial ope ra t i on  
and u t i l i z a t i o n  o f  c a t a l y t i c  c r a c k i n g  may r e q u i r e  some form o f  feed pret reatment .  
However, a t  t he  p resen t  s tage o f  research it i s  impor tan t  t o  assess the  chemical 
responsiveness t o  c a t a l y t i c  c rack ing .  
d e s c r i p t i o n  o f  c a t a l y s t s  have been p r e v i o u s l y  r e p o r t e d  (8 ) .  

Table 4. 
412%; p u r e l y  thermal c r a c k i n  (F igu re  1) produced o n l y 4 7 % 1 i q u i d s  p l u s  gases a t  t h i s  
temperature. Resul ts  o f  Bt (27 show t h a t  s i g n i f i c a n t  c rack ing  occu r red  w i t h  t h e  
powdered molecular  s i e v e  c a t a l y s t .  Fu r the r ,  t h e  c a t a l y s t  e x h i b i t e d  a s t rong  s e l e c t i -  
v i t y  toward p roduc t i on  o f  l i q u i d s  r a t h e r  than gases and t h e  s l i g h t l y  h ighe r  A P I  g r a v i t y  
r e f l e c t s  t h e  increased amount o f  hydrogen r e t a i n e d  i n  the  l i q u i d s .  These t rends  a re  
expected f rom mo lecu la r  s i e v e  c a t a l y s t s  when z e o l i t e  ca ta l yzed  c r a c k i n g  i s  ope ra t i ve .  

Table 4 

C a t a l y t i c  Crack ing Resul ts  

Based on t h i s  r a t i o n a l e ,  d i r e c t  c a t a l y t i c  c r a c k i n g  
The presence o f  s i g n i f i c a n t  q u a n t i t i e s  o f  b a s i c  n i t r o g e n ,  meta ls ,  o r  

P re l im ina ry  r e s u l t s  o f  t h i s  s tudy and a 

Grav imetr ic  r e s u l t s  f o r  c a t  c r a c k i n g  under se lec ted  c o n d i t i o n s  a re  g i v e n  i n  
Resul ts  o f  B t ( 1 )  revea l  t h a t  s i g n i f i c a n t  c a t a l y t i c  a c t i v i t y  was p resen t  a t  

Residue !PI 
Feed (Run) C a t a l y s t  Mode Ca t /O i l  PC Gas L i q u i d  (Coke) ( L i q u i d )  

B t (1 )  S /A  SB 1.3 41 2 6 67 26 27.9 
B t (2 )  M.S. ( f )  SB 1.8 41 2 1 79 20 29.5 
B t (3 )  S/A SB 1.3 470 11 76 13 25.1 

S/A B 2.0 460 10 74 16 30.8 
B 2.0 460 10 78 12 32.0 

B t (4 )  
S/A 

M.S. B 3.0 460 7 80 13 27.1 
M(5) 

Bt (6 )  
VB(7) M.S. B 3.0 460 4 83 13 28.8 

B t  ( v i r g i n  bitumen); M (pentane s o l u b l e  maltenes from v i r g i n  Symbol Designation: 
bitumen); VB (v i sb roken  bitumen, 425oC, 150 ps ig ,  ~ 1 1  min.);  S/A (Houdry 159CP 
s i l i c a - a l u m i n a  c a t a l y s t ) ;  M.S. (Mobil  Durabead-8 mo lecu la r  s i e v e  c a t a l y s t ) ;  
SB (semi-batch Cat  A mode); B (ba tch  mode); f (powdered c a t a l y s t ) .  

When temperatures were r a i s e d  t o  460-470°C a d d i t i o n a l  y i e l d s  were experienced. 
Resul ts  o f  B t ( 3 )  and B t ( 4 )  show good agreement between t h e  two r e a c t o r  con f igu ra t i ons .  
The batch operat ion,  r e q u i r i n g  v o l a t i l i z a t i o n  o f  products ,  e x h i b i t e d  a tendency t o  
r e t a i n  heav ie r  m a t e r i a l s  wi th  t h e  coke. 
q u i t e  encouraging because they  e x h i b i t  y i e l d  and product  q u a l i t y  equal t o  o r  b e t t e r  
t han  experienced w i t h  thermal crack ing.  

The r e s u l t s  o f  runs B t ( 3 )  and B t ( 4 )  a r e  
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An attempt was made t o  remove coke precursors by pr ior  deasphalting. Results 
of c a t  cracking of the maltenes, which represented 90% o f  the virgin bitumen, a re  
given i n  Run M(5). Removal of 10% asphaltenes resulted i n  a coke reduction of only 
4%. In re t rospec t ,  t h i s  i s  not too surpr i s ing  because the asphaltenes from Uinta 
Basin bitumen, although cons is t ing  of the highest  molecular weight species present, 
a l so  contain s ign i f i can t  quan t i t i e s  of hydrogen ( H / C  = 1 . 2 )  and contribute t o  the 
vo la t i l e s  product y ie ld .  Conversely, not a l l  of the coke precursor aromatics a re  
precipitated due t o  the e f f e c t s  t h a t  the naphthenic and alkyl subs t i tuents  have on 
increasing the so lub i l i t y  of the  aromatics. T h u s ,  a one-to-one cor re la t ion  between 
molecules comprising the asphaltene f rac t ion  and coke precursors does not ex i s t .  

place. Property data of l i qu ids  and gas ana lys i s  have strong resemblance to  the 
thermally derived products. The thermal vs. c a t a l y t i c  e f f ec t s  a r e  i l l u s t r a t e d  in the  
gas analysis f o r  selected runs in Table 5. Compared to  the  thermal gases the c a t  
cracking gases, Bt (4) ,  exhibited a strong se l ec t iv i ty  fo r  production of C3 and C4 
and gave very h i g h  y ie lds  of isobutane. Results f o r  the r u n  Bt(6) show some character-  
i s t i c s  of ca t  cracked products but a l so  show many s i m i l a r i t i e s  t o  the thermal products. 
The r e su l t s  of Bt(6) a re  presented t o  i l l u s t r a t e  the d i f f i c u l t y  which may be encount- 
ered through competitive reac t ions  and i s  not intended to  represent optimum resu l t s  
fo r  t h i s  ca ta lys t .  

Results of run B t ( 6 )  suggested t h a t  subs tan t ia l  thermal reactions were taking 

Table 5 
C1 t o  C4 Gas Analysis 

Thermal Mol -Sieve Si 1/Al Hydropyrolysis 
(460OC) Run Bt(6) Run Bt(4) (525OC) 

Methane 41 .O 32.3 18.9 27.5 
Ethane 16.5 16.1 10.3 18.3 

Propane 10.0 15.4 12.2 23.4 
Propylene 11.6 10.2 15.4 2.8 
n-butane 1 . 3  5.4 3.3 10.6 
i-butane 1 .4  4.0 18.0 7.3 
Butylenes 3.1 11.6 17.7 4.6 

Ethylene 15.1 5.0 4.2 5.5 

When the average molecular weight of the feed was reduced from about 700 to  about 
500 by visbreaking, s ign i f i can t ly  grea te r  c a t a l y t i c  a c t i v i t y  was observed ( R u n - V B ( 7 ) ) .  
These r e su l t s  a r e  cons is ten t  w i t h  the  general observation t h a t  c a t a l y t i c  ac t iv i ty  was 
strongly enhanced i f  some reduction of molecular s i z e  preceded the contact w i t h  the 
ca t a lys t .  

The r e su l t s  o f  c a t a l y t i c  cracking have shown t h a t  the bitumen i s  highly 
responsive t o  c a t a l y t i c  cracking i f  the molecular s i ze  can be reduced t o  minimize 
diffusional l imi ta t ions .  I t  t h u s  appears t ha t  a good ca t a ly t i c  cracking feedstock 
should be derivable from t h e  Uinta Basin bitumen. I t  i s  qu i te  possible,  t h a t  by a 
more systematic and thorough search f o r  optimum ca ta lys t s ,  process configurations,  
and process conditions considerable improvements on the r e su l t s  given in Table 4 can 
be realized. 
Hydropyrolysis 

The Asphalt Ridge bitumen was subjected t o  hydropyrolysis in a tubular flow 
reac tor .  
v i r g i n  bitumen can be converted t o  l iqu ids  and gases with l i t t l e  or no coke formation. 

Yields and process conditions a r e  given in Table 6 .  Results show t h a t  the 
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V i r t u a l l y  no change i n  pressure drop across the  r e a c t o r  was observed over  t h e  course 
o f  t h e  15 t o  20 minute runs. These y i e l d  r e s u l t s  suggest t h a t  mo lecu la r  hydrogen has 
successfu l ly  i n h i b i t e d  t h e  condensation r e a c t i o n s  discussed i n  t h e  s e c t i o n  on coking. 

Table 6 

Hydropyro lys is  Y ie lds  and Process Condi t ions 
Reaction Condi t ions Y i e l d s  

Weiqht Percent  Pressure Residence Time 
Temp. O C  p s i g  (Seconds) Gas L i q u i d s  Coke 

500 1500 18 17 83 0 
525 1500 18 27 73 0 

Elemental a n a l y s i s  and phys i ca l  p r o p e r t y  da ta  f o r  the l i q u i d s  a r e  g iven i n  Table 
7. 
hydrogen t o  carbon r a t i o .  However, phys i ca l  p roper t y  data revea ls  a dramat ic  increase 
i n  A P I  g r a v i t y  and a l a r g e  r e d u c t i o n  i n  molecular  weight .  
added was c a l c u l a t e d  f rom a m a t e r i a l  balance on hydrogen and i n c l u d e d  t h e  amount added 
t o  t h e  gases. 
t o  t h e  amount o f  gas produced. On t h e  average, t h e  l i q u i d  products  a r e  s l i g h t l y  more 
condensed than t h e  s t a r t i n g  bitumen. 
and a l k y l  s u b s t i t u e n t s  present .  Pentane asphaltenes amounted t o  3.5% o f  t he  l i q u i d s ,  
were q u i t e  hydrogen d e f i c i e n t  (H/C = 0.97), and conta ined a 5% n i t r o g e n  concentrat ion.  

Table 7 
Hydropy ro l ys i s  Product  C h a r a c t e r i s t i c s  

Resul ts  show t h a t  l i t t l e  change was a f f e c t e d  i n  t h e  elemental composi t ion and 

The percentage hydrogen 

The amount o f  hydrogen added t o  t h e  system appears t o  be c l o s e l y  r e l a t e d  

The gases formed d e r i v e  l a r g e l y  from t h e  p a r a f f i n s  

Temperature o f  Run 

Feed 5oooc 
Carbon 
Hydrogen 
N i t rogen  
S u l f u r  
Oxygen 
C / H  r a t i o  

A P I  g r a v i t y  
Average molecular  weight  
R e f r a c t i v e  index 

W t .  % H2 added t o  t o t a l  products  
SCF H2/bbl feed 

86.2 
11.3 

1.1 
0.4 
0.9 

.640 

12.7 
71 3 

86.7 
11.6 
0.8 
0.3 
0.3 

.627 

86.8 
11.4 
0.8 
0.3 
0.3 

-639 
22.1 25.2 

336 
1.52 

321 
1.52 

0.8 1.2 
600 900 

The p r e l i m i n a r y  r e s u l t s  o f  t h e  hyd ropy ro l ys i s  a r e  p a r t i c u l a r l y  i n t e r e s t i n g  
because hyd ropy ro l ys i s  promises t o  be a s imple process which can produce a d r a s t i c  
reduc t i on  i n  molecular  we igh t  w i t h o u t  a h i g h  consumption o f  hydrogen. 
Simulated D i s t i l  l a t i o n  

var ious l i q u i d  products. 
a f fec ted ,  even i n  t h e  case o f  m i l d  v i sb reak ing .  
from thermal c rack ing  a t  80 p s i g  and c a t a l y t i c  crack ing.  
about 74% o f  t h e  charge m a t e r i a l ;  however, t h e  c a t  c rack ing  r u n  produced 4% more gases. 

Simulated d i s t i l l a t i o n  r e s u l t s  a r e  g i ven  i n  Table 8 f o r  v i r g i n  bitumen and the 
These r e s u l t s  show s i g n i f i c a n t  changes i n  v o l a t i l i t y  were 

The l i g h t e s t  products  were those  
I n  both cases, y i e l d s  were 
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The c a t a l y t i c  c r a c k i n g  produced 23% gasol ine.  
c a l c u l a t e d  50% p o i n t  a t  128OC and a c a l c u l a t e d  research octane o f  78. 
r e s u l t s  showed t h a t  t h e  octane number was reduced by t h e  presence o f  some low  octane 
thermal products i n  t h e  heavy gaso l i ne  range. 

Table 8 

Th is  gaso l i ne  was found t o  e x h i b i t  a 
A n a l y t i c a l  

Simulated Dis  t i  1 1 a t i o n  
Co pres pon d i n 

BMCOA Fraction711 Cumulative Weight Percent 

VB - HP - cc - B t  TC(80) 

1 50 1.2 0.9 1.0 
2 76 2.7 2.4 2.2 0.5 

No. cut  Pt.OC - 

3 100 
4 125 
5 150 
6 175 

1.2 5.0 8.3 4.5 1.1 
2.3 7.7 11.2 7.3 1.7 
4.2 11.9 14.9 10.6 2.7 
6.3 16.5 18.9 13.5 4.0 

7 200 0.1 8.7 21.6 22.8 17.2 5.5 
8 225 0.4 11 .o 26.5 27.3 20.9 7.4 
9 2 50 1.1 14.7 33.4 32.5 25.6 10.3 

18.6 13.g I 10 275 2.4 19.4 40.9 38.2 30.5 
11 305 5.0 25.2 50.3 46.0 37.6 
12 335 7.4 32.5 60.4 54.9 44.5 24.2 
13 365 10.4 40.3 69.7 62.9 51 .2 29.7 

41.6 
14 395 13.8 49.5 78.6 ’ 71.0 58.0 
15 425 17.3 58.8 86.2 78.6 64.5 
16 455 21.7 68.8 91.9 85.2 71.6 48.0 
17 485 27.4 80.4 96.2 92.1 77.7 55.6 
18 51 5 32.7 90.6 98.8 96.6 82.1 62.0 
19 5 38 39.8 96.6 100.0 99.1 84.6 67.1 

35*8  I 

1, 
1, 
1 
I 

I 

I 

Residue >538 100 100 100 100 100 
10% P o i n t  O C  362 21 1 146 115 145 247 
50% P o i n t  O C  >538 397 303 32 1 359 463 
90% P o i n t  O C  51 1 444 449 >538 >538 

Symbol Designat ion:  B t  ( v i r g i n  bitumen); TC ( t h e r m a l l y  cracked @ 0 p s i g  and 80 p s i g ,  
r e s p e c t i v e l y ) ;  CC ( c a t  cracked 8 t ( 4 ) ,  Table 4) ;  HP (hyd ropy ro l ys i s ,  525OC l i q u i d s ) ;  
VB (Visbreak ing,  475OC, 80 p s i g ,  2.8 min.). 

The s imulated d i s t i l l a t i o n  r e s u l t s  f o r  t he  hyd ropy ro l ys i s  l i q u i d s  revea l  a broad 

These aromat ics a r e  p resen t  i n  
b o i l i n g  p o i n t  d i s t r i b u t i o n .  A l though s u b s t a n t i a l  amounts o f  l i g h t  m a t e r i a l  a r e  produced, 
c e r t a i n  heavier  aromat ics remain v i r t u a l l y  unchanged. 
t h e  hyd ropy ro l ys i s  l i q u i d s  b u t  went t o  form coke i n  t h e  cok ing  and c a t  c rack ing  con- 
v e r s i o n  processes. 
p y r o l y s i s  l i q u i d s ,  w i t h  t h e i r  r e l a t i v e l y  low o l e f i n  content ,  would make a good feed- 
s tock  f o r  r e f i n i n g .  

Separat ion i n t o  Compound Types 
Separation o f  t o t a l  l i q u i d  products  i n t o  saturated,  mono-aromatic, d i -a romat i c ,  

and poly-polar  aromat ic  compound types g i ves  impor tan t  i n f o r m a t i o n  rega rd ing  t h e  
d i s t r i b u t i o n  o f  s t r u c t u r a l  f ea tu res .  

p u r e l y  sa tu ra ted  hydrocarbons. A l l  samples have h i g h  concen t ra t i ons  o f  h ighe r  
aromat ics as w e l l ,  i n d i c a t i n g  a ve ry  broad d i s t r i b u t i o n  o f  compound types.  

The d i s t i l l a t i o n  da ta  presented here suggest t h a t  the hydro- 

Resul ts  o f  t h e  separa t i on  a r e  g i ven  i n  Table 9. 

Perhaps t h e  most s t r i k i n g  f e a t u r e  o f  these r e s u l t s  i s  t he  h igh  percentage o f  

The 
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comparat ive ly  l ow  percentage o f  sa tu ra tes  i n  t h e  hyd ropy ro l ys i s  1 i q u i d s  can be 
expla ined on  t h e  bas i s  t h a t  n e a r l y  t w i c e  t h e  gases were formed and 12% heavy m a t e r i a l  
i s  present  t h a t  was removed w i t h  t h e  coke i n  t h e  o t h e r  two processes. 
a n a l y s i s  revea led  t h a t  t h e  v a s t  m a j o r i t y  o f  n i t r o g e n  and s u l f u r  compounds were r e t a i n e d  
w i t h  the  p o l y - p o l a r  aromatics. 
p y r o l y s i s  l i q u i d s  seems t o  i n d i c a t e  t h a t  some hydrogenat ion o f  h i g h e r  aromat ics has 
occurred. 

Elemental 

The h i g h  percentage o f  monoaromatics i n  the  hydro-  

Table 9 

Compound Type C l a s s i f i c a t i o n  o f  Products 

Thermal C a t a l y t i c  Hydropyrol y s i  s 
F r a c t i o n  46OoC, 0 p s i g  B t ( 4 )  5OO0C 

Saturates 55.1 62.0 48.5 
Monoaromati cs  11.7 9.1 15.3 
Diaromat i  cs  8.4 5.5 5.6 
Pol y-po l  a r  aromat ics 24.8 mo 23.4 

100 
30.6 
100 

Percent  Recovery 89.6 85.3 94.8 

CONCLUSIONS 

The unusual chemical na tu re  o f  U i n t a  Basin bitumen r e q u i r e s  t h a t  examinat ion o f  
var ious p r imary  processes and a search f o r  optimum convers ion c o n d i t i o n s  be made. 
p r i n c i p a l  chemical o b j e c t i v e  i n  p r imary  process ing i s  t o  reduce the  mo lecu la r  weight  
w i t h  a minimum c o s t  i n  l i g h t  product  y i e l d s  and a minimum requi rement  f o r  hydrogen. 
Coking was shown t o  produce h igh  y i e l d s  o f  l i q u i d s  and gases w i t h  a l ow  s u l f u r  coke 
as a p o t e n t i a l l y  va luab le  by-product .  Temperature was shown t o  have a s i g n i f i c a n t  
e f f e c t  on t o t a l  y i e l d s  i n  cok ing  b u t  had l i t t l e  e f f e c t  on v o l a t i l e s  composi t ion.  
Pressure was shown t o  have a s i g n i f i c a n t  e f f e c t  b o t h  on composi t ion and y i e l d s .  
C a t a l y t i c  c r a c k i n g  produced h igh  y i e l d s  o f  1 i q u i d s  and gaseous products .  
research t o  f i n d  optimum cond i t i ons  and t h e  most app rop r ia te  r o l e  f o r  c a t a l y t i c  
c rack ing  i n  bitumen process ing i s  i n d i c a t e d .  
bitumen i n  v i r t u a l l y  100% y i e l d s  t o  gases and medium v o l a t i l i t y  l i q u i d s  w i t h  l o w  
consumptions o f  hydrogen. This  process shows good p o t e n t i a l  as a v i a b l e  p r imary  
process ing step. 
a f f e c t e d  by va r ious  process ing sequences s tud ied .  A n a l y t i c a l  r e s u l t s  a r e  h i g h l y  
i n s t r u c t i v e  as t o  what must be accomplished chemica l l y  du r ing  the  convers ion o f  v i r g i n  
bitumen. 
mechanisms o f  convers ion.  The r e s u l t s  o f  t h i s  s tudy  p rov ide  a bas i s  f o r  f u r t h e r  
eva lua t i on  o f  t h e  most d e s i r a b l e  approach t o  process ing o f  U i n t a  Basin bitumen. 

The 

F u r t h e r  

Hydropy ro l ys i s  was 'shown t o  conver t  

Ana lys i s  revealed t h a t  t h e  s t r u c t u r e  o f  products  can be s i g n i f i c a n t l y  

The s t r u c t u r e  o f  t h e  products  a l s o  g i ves  impor tan t  c lues  as t o  the  gross 
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YIELDS FROM ISOTHERMAL PYROLYSIS OF 
ASPHALT RIDGE BITUMEN 
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EFFECT OF PRESSURE ON THERMAL CRACKING AT 
460-C (ASPHALT RIDGE BITUMEN) 
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CORRELATION OF PYRIDINE SOLUBILITY 
WITH H/C RATIO OF PYROLYSIS RESIDUE 
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